Depth dependent variation of the echolocation pulse rate of bottlenose dolphins (Tursiops truncatus)
For controlled directional wave propagation, directivity sets a fundamental limitation for source size. A decent directivity requires L/k ) 1 (where L is the source length and k is the wavelength). A directional source offers the advantage of focusing sound wave into a narrow beam, which can increase the detection resolution and sound intensity in the direction of interest. However, for a conventional subwavelength source with L < k, directivity becomes very poor due to diffraction. In recent years, acoustic metamaterial has shown the capability to manipulate waves at subwavelength scale to produce extraordinary transmission and acoustic imaging below the diffraction limit. [1] [2] [3] [4] [5] Gradient-index (GRIN) materials have been applied to realize broadband asymmetric acoustic transmission. 6, 7 It is expected that more complex acoustic material designs may help improve the directivity of subwavelength sources.
Through millions of years of evolution and natural selection, dolphins and porpoises have developed highly efficient biosonars 8, 9 that play important roles in foraging, avoiding predators, and group coordination. Recent computed tomography (CT) studies revealed the complex structure of the dolphin biosonar. 10, 11 Recently, through model simulations, we found that the baiji biosonar can manipulate the acoustic wave generated by a point source into a directional beam. 12 In fact, despite serious vision degradation in water, dolphins can locate several centimeter size objects 100 m away using echolocation. 8, 13 Current man-made sonars are based on simple array design to achieve beam formation, whose directivity rely on the large size of the acoustic projector in comparison with the wavelength. For device miniaturization, it would be beneficial to mimic dolphin biosonar so as to develop subwavelength biosonar-inspired system with high directivity. Up to date, there are no demonstrations of such biomimetic projector (BioP) based on dolphin biosonar to break the size-wavelength limitation.
In this letter, we report a BioP design that can achieve high directivity of a subwavelength source. Computed tomography was applied to extract the three main acoustic elements of a Yangtze finless porpoise's (Neophocaena asiaeorientalis asiaeorientalis) head: air sacs, melon, and skull. We have designed a BioP structure using a GRIN material to mimic the melon with gradient sound speed distribution, air cavity to mimic air sacs, and a steel structure to mimic the skull. The effect of each element on beam control has been investigated. Full wave simulations and experimental measurements of the BioP are performed to obtain the directivity and half-power beam width within the subwavelength range of 0.05 < L/k < 0.5.
CT scans of a neonate finless porpoise carcass were conducted on a SOMATOM Definition Dual Source computed tomography (DSCT; Siemens, Germany) with 1 mm slice width, as shown in Fig. 1(a) , where the inset is the picture of the porpoise's head. The images were collected with a 120 kV Â 76 mA power setting at matrix size of 512 Â 512 and saved as IMA format. Internal structures of the porpoise's head were imaged from multiple projections, which were formed by scanning a thin cross section of the object with a narrow X-ray beam. Sound speed distribution of the porpoise's head was extracted as shown in Fig. 1(a) where the black star shows the source position at the phonic lip, [10] [11] [12] and the region enclosed by the dashed lines corresponds to the acoustic path area. The brown regions represent the bony skull structures, the blue regions represent the soft tissues, including melon and mandibular fat, and the black regions represent the nasal system and air sacs. Three main elements of the biosonar system, including air sacs, oily melon, and solid skull structures, were illustrated. The melon as an adipose tissue possesses gradient sound speed property, as shown by the section at x ¼ À170 mm of the CT a)
Authors to whom correspondence should be addressed. image in the lower graph of Fig. 1(a) . The effect of melon in focusing ultrasound wave has been analyzed. [8] [9] [10] The air sacs in black color region acts as a soft boundary because the large acoustic impedance difference between the air sacs and the surrounding tissue. The important contribution of air sacs in controlling wave propagation has been found. 11 The skull is the bony structure with sufficiently high impedance than the surrounding tissue. The combined effect of air sacs, melon, and skull is important in forming the directional beam of the porpoise's biosonar. 11, 12 In order to manipulate an omnidirectional wave produced by a subwavelength source into a directional beam, we designed the BioP by abstracting the three main elements in the bounded region of the porpoise's CT image, as shown in the upper graph of Fig. 1(b) . The BioP includes air cavity to mimic air sacs, GRIN material to mimic the melon, and steel structure to mimic the skull. The lower graph in . Melon fats is an organ material, which might deteriorate with time and could not be used as a durable GRIN material. Thus, we used a GRIN material made of rigid cylinder clusters in fluid to mimic the melon in the BioP. Such gradient nature is important, so we could not use uniform oil filling. According to the effective medium theory, 14, 15 the GRIN material realized the gradient sound velocity c ¼ c
, where D is the filling fraction. Steel cylinders with the radius r increasing from 0.35 mm to 2.12 mm achieved sound speed decreasing from 1489 m/s at the outer layer to 1199 m/s at the inner core, where the super-lattice of period a ¼ 5 mm and the filling fraction D ¼ pr 2 =a 2 were used. The long wavelength assumption 14, 15 was satisfied for the BioP system, i.e., the wavelength satisfied the condition 0.05 < L/k < 0.5 (L ¼ 20 mm), hence, the wavelength was at least eight times larger than the lattice constant a of the cylinders.
Finite element simulations were performed to simulate the directional acoustic wave propagation generated by the BioP as shown in Fig. 2 . Because of inhomogeneous property of the biomimetic system, the pressure satisfies the following wave equation:
1 kðrÞ
qðrÞ Þ, where qðrÞ and kðrÞ are density and local compressibility coefficient. Spatial resolution of the finite-element mesh was kept at 10 elements per wavelength within the frequency range from 4 to 37 kHz. For the subwavelength line source with frequency f ¼ 33 kHz and length L ¼ 0.02 m, a tone-burst signal with five-cycle duration was emitted at the original point O. At the propagation time 1 Â 10 À4 s, subwavelength (k > L) diffraction caused the wave propagation to spread out. However, when the wave arrived the biomimetic structure, complicated physical processes produced directional wave propagation as shown in Fig. 2 , where the snap shots are at three successive propagation times 3.5 Â 10 À4 s, 5.5 Â 10 À4 s, and 7.5 Â 10 À4 s. The GRIN material with the lowest sound speed at the inner core tended to bend the acoustic beam. While large acoustic impedance differences of air cavity vs. water and steel vs. water produced significant interface waves, wave reflections and scattering in the biomimetic system. Scholte waves at the interface of fluid-solid media might play a role during wave propagation within the dolphin's head. When wave propagated out of the dolphin's 16 head, the Scholte wave would not exist, but the directional sound radiation still took effects. Multiple reflections within the bounded GRIN material are physically equivalent to the GRIN material with large number of image sources. Furthermore, we have studied the effect of each element (air cavity, GRIN material, and steel structure) separately. Fig. 3 illustrates the absolute acoustic pressure distribution with respect to the angle h at distance r ¼ 0.8 m, where the diameters at the throat and mouth of the conical horn are 0.024 m and 0.078 m, respectively, and the horn length is 0.32 m. The GRIN and steel elements both increased the main lobe energy, but the side lobe energies were still high. The air cavity element improved the side lobe suppression, but its main lobe energy was decreased and main lobe width was excessively large. On the other hand, the BioP has the collective advantages of all elements. The main lobe amplitude was significantly higher while the side lobe energies were much lower. In addition, there are much more interesting phenomena in the BioP compared with the acoustic conical horn, such as multiple scattering, multiple reflections and refractions in GRIN material, and propagation of interface waves. The conical horn shows strong frequency dependence and significantly directional oscillatory pattern. More importantly, the side lobe energies cannot be restrained, as shown in Fig. 3 . Our theoretical simulation results here suggest that air cavity, GRIN material, and steel structure in the BioP might be analog to that of air sacs, melon, and skull in the dolphin biosonar, 16 and they collectively could manipulate the omnidirectional wave generated from a subwavelength source into a highly directional one. The main lobe amplitude of the BioP was about 1.7 times higher, and the sidelobe energies were much lower than those of the horn, indicating that the horn effect does not present the whole mechanism of the BioP.
To verify the theoretical predictions, a BioP was constructed and its directivity was experimentally measured in a water tank with the dimensions of 25 m Â 15 m Â 1.5 m that was large enough to neglect reflections from the walls. Figure 4(a) shows the schematic diagram of the experiment. A spherical source with a diameter L ¼ 0.02 m with surface matching layers to function in water (acoustic impedance 1.5 MRayls) was used as a subwavelength source to generate the tone-burst signal. The signals were recorded by a hydrophone (8103, B&K, Denmark) attached to a swing arm with a certain angle h along the circle with radius 0.8 m. The polar distribution of the acoustic pressure was experimentally measured in 2 steps. The power amplifier (2635, B&K, Denmark) and an eight rank Butterworth filter with passband from 21 kHz to 37 kHz were applied to improve the signal to noise ratio. The signal was then A/D converted with the sampling rate of 400 kHz and processed by a computer. The signals at each frequency were measured four times to obtain the averaged values. Figure 4(b) shows the directivity results   FIG. 3 . Absolute acoustic pressure distributions of BioP, GRIN, air cavity, steel structure, and conical horn with respect to the angle h at the distance r ¼ 0.8 m. at 33 kHz from numerical simulations and experimental measurements, where the size of the BioP was derived from the CT image of the porpoise's head, and the normalized pressures were given by the ratio of the pressure at a certain angle to the mainlobe pressure. The subwavelength source produced an omnidirectional wave pattern since L/k ¼ 0.4. However, a directional wave was obtained in the BioP. The mainlobe pressure of the BioP model was 3.1 times (or 9.7 dB) higher than that of the source without biomimetic structure. In addition, the sidelobe levels were much lower than the mainlobe level. The BioP not only had much higher acoustic wave directivity but also had superior sidelobe suppression. Despite of the limitations of finite angle and finite number of steel cylinders in the experiment, the measured directivity in Fig. 4(b) agreed well with the full wave simulation result. The measured mainlobe pressure of the BioP was 3.8 times (or 11.6 dB) higher than the source without BioP structure. Thus, both theoretical and experimental results revealed that the BioP could significantly increase the detection sensitivity and detectable distance in the direction of interest and reduce total energy consumption.
Furthermore, the BioP can produce high directivity over a broad subwavelength range, indicating that its directivity may not result from the local resonant modes at a certain frequencies. 17 Figure 4(c) shows the frequency responses of the half-power beam width h À3dB from numerical simulations and experimental measurements, where h À3dB represents the angle between the half-power (À3 dB) points of the mainlobe, and the frequency lower than c w /L determines the subwavelength region (L < k). The frequency range from 4 kHz to 37 kHz corresponds to 0.05 < L/k < 0.5. The numerical simulations revealed that the subwavelength source was omnidirectional, while the BioP had high directivity with h À3dB decreasing from 36.0 to 10.4 . Due to the narrowband limitation of the underwater acoustic transducer used in our experiments, only h À3dB values within the frequency range from 21 kHz to 37 kHz was reliably measurable. The measured h À3dB results still agree well with those of numerical simulations. In addition, h À3dB determines the detection angular resolution of a sonar system. Two objects with angular separations exceeding h À3dB usually are considered distinguishable. For frequencies less than 33 kHz, the angular resolution of the BioP was 1/17 $ 1/5 of the 180 angular resolution of the subwavelength source. Thus, in comparison with the bare subwavelength source, the BioP significantly increased angular resolution by one order of magnitude. In addition, the subwavelength BioP can be treated as a line source with effective length L to form directional acoustic field. For equivalent h À3dB , L of the BioP was estimated to be 220 mm at 33 kHz according to the theoretical solution L ¼ 0:44k= sinðh À3dB =2Þ of the line source, 12, 18 which was much larger than the 20 mm of the subwavelength source length L. The estimated L ¼ 271 mm from the experimental data was also significantly larger than L. In fact, within a broad frequency range, the effective source length of the BioP was orders of magnitude larger than the source length L, indicating that the BioP could sufficiently reduce low frequency source size to design a miniaturized directional sonar.
In summary, we have designed a BioP based on the CT scan of a Yangtze finless porpoise's biosonar system to achieve high directivity of subwavelength source. Acoustic GRIN material has been applied to mimic the melon with gradient sound speed. The BioP has included a bounded GRIN material, air cavity, and steel structure to manipulate the omnidirectional wave into a highly directional one. The mainlobe pressure is about three times higher, the angular resolution is one order of magnitude higher, and the effective source size is orders of magnitude larger than that of the original subwavelength source. Our design of BioP broke the size-wavelength limitation.
Finally, the BioP does not require complex circuit design and excessive energy consumption, and in particular, is broadband. Therefore, it offers a strategy in designing subwavelength sonar with advantages of high directivity, high mainlobe intensity, high detection resolution, and low energy consumption. These properties make the BioP a good candidate for underwater sonars, medical ultrasonography, and related acoustic applications.
